This paper considers the corrosion behavior of aluminum in a range of low-concentration sodium bicarbonate solutions at high temperature (50 °C). Aluminum exhibits enhanced corrosion inhibition (passivation) in low concentration sodium bicarbonate solutions when compared to deionized water. It was determined that an aluminum electrode in 1×10 -3 mol L -1 sodium bicarbonate solution (pH 7.77) exhibited the lowest corrosion rate based on the lowest measured corrosion current, the most positive corrosion potential, and the maximum charge transfer impedance. The corrosion of aluminum was inhibited in sodium bicarbonate solution because HCO3 -anions in the solution developed an ordered charge field at the interface of the aluminum/electrolyte, which limited the diffusion of aluminum ions. This ordered charge fieldmay also enhance the formation of a protective aluminum oxide film, which can effectively inhibit the corrosion of aluminum. The scanning electron microscope (SEM), energy dispersive spectrometer (EDS) and X-ray diffraction (XRD) confirmed that the corrosion products covering the surface of the aluminum electrode were Al(OH)3 and/or Al2O3. This paper provides a basis for resolving scaling problems associated with the grading electrode in high-voltage direct current systems caused by the corrosion of the aluminum radiator.
INTRODUCTION
High-voltage direct current (HVDC) transmission systems have become the preferred resource allocation and long-distance power transportation method because of their narrow transmission corridor, high transmission efficiency, and low power consumption [1, 2] . The converter valve is the core device in HVDC and has the function of converting direct current (DC) and alternating current (AC) power [3, 4] . Unfortunately, the scaling problem associated with the grading electrodes in the cooling system of the converter valve can cause many operational disruptions. The aluminum radiator, which is directly in contact with the cyclic inner cooling water, corrodes at high temperatures and high electric fields, resulting in aluminum ions entering the inner cooling water. The aluminum ions move to the surface of the platinum grading electrode through the inner cooling water circulation system, forming deposits due to the electric field and electrochemical effect [5, 6] . Deposits covering the surface of the grading electrode increase the impedance between the grading electrode and water, thus affecting the normal operation of the grading electrode. Furthermore, the deposits will drop into the pipe under the impact of the inner cooling water flow, block the water pipe, and cause breakdown of the device in severe cases. The aluminum in the deposits is derived from corrosion of the aluminum radiator and is precipitated on the surface of the grading electrodes under certain conditions. To resolve the scaling problem of the grading electrode, it is necessary to suppress the corrosion behavior of the aluminum radiator in the inner cooling water system [7] . Previous reports have focused on the corrosion characteristics of aluminum in a weak acid medium (hydrochloric acid, sulfuric acid) [8, 9] , aqueous alkaline solutions [10, 11] and neutral dilute salt solutions (for instance, halide media [12, 13] and sodium sulfate solutions [14] ).
According to the studies by Weber [15] and Siemen [16] , the introduction of a certain concentration of carbon dioxide in deionized water at 25 °C can suppress the scaling rate of the grading electrode. Since the scaling on the surface of the grading electrode is a result of aluminum deposition, the studies suggest that the scaling rate was lowered when corrosion of the aluminum radiator in the inner cooling water system was suppressed. It is speculated that HCO3 -ions play a major role in inhibiting aluminum corrosion when carbon dioxide is introduced into the solution [17] . This paper considers the electrochemical corrosion behavior of aluminum in different concentrations of sodium bicarbonate solution at 50 °C with the intent of determining the effect of HCO3 -ions on aluminum corrosion, which will provide solutions to the scaling problems experienced by grading electrodes in HVDC valve cooling systems.
EXPERIMENTAL SECTION

Electrochemical system
An electrochemical system for testing was composed of a working electrode, a reference electrode, a counter electrode and an electrolyte. Platinum black electrodes were used as the counter electrodes, and the reference electrodes were saturated calomel electrodes (SCEs). The potential of the SCE at 50 °C was 0.228 V (relative to the standard hydrogen electrode (SHE)). The working electrodes were cut from the aluminum radiator to provide a 1 cm ×1 cm working surface. The grade of the aluminum electrode was 3003 [18] , which is composed of Si (0.57 wt%), Fe (0.63 wt%), Cu (0.14 wt%), Mn (1.27 wt%), Zn (0.09 wt%), Li 
Electrochemical Test
Steady state polarization curves and electrochemical impedance spectroscopy (EIS) spectra were obtained by using a CHI660D electrochemical workstation. The potential scan rate was 1 mV s -1 and the potential range was 0.8 V (ranging from a potential of 0.4 V lower than the stable potential to a potential 0.4 V higher than the stable potential). The corrosion potential and corrosion current density were obtained from the polarization curves. The corrosion characteristics of the aluminum surface were determined from the results of the EIS analysis, which was performed over a frequency range of 1 Hz to 10 5 Hz with an amplitude of 5 mV. The electrolyte temperatures for all tests were between 48-52 °C. The electrochemical system was kept in a shielding box during testing.
Characterization
All samples for scanning electron microscope (SEM), energy dispersive spectrometer (EDS) and X-ray diffraction (XRD) were subjected to accelerated corrosion by potentiostatic anodic oxidation to observe and analyze the corrosion surface and corrosion products of aluminum more clearly. The anodization process used a two-electrode system with platinum as the cathode and pretreated (polished, washed) aluminum as the anode. The stable potential (open circuit potential) at various concentrations was tested before anodization. Based on the stable potential, the oxidation overpotential of 30 mV was increased to conduct the accelerated corrosion experiments. The corrosion phases were determined using a D8-Focus X-ray powder diffraction instrument with a Cu target. The scanning angle ranged from 5° to 80°, and the scan rate was 8° min -1 . SEM was performed using an SU8010 ultrahigh resolution field emission scanning electron microscope equipped with high performance X-ray EDS capabilities.
RESULTS AND DISCUSSION
Polarization curves
The polarization curves of the aluminum electrodes at 50 °C are shown in Fig. 1 . The corrosion potential of aluminum in the 1×10 -3 , 0.5×10 -3 , and 0.1×10 -3 mol L -1 sodium bicarbonate solutions was higher than that in deionized water, indicating that the corrosion of aluminum in these concentrations of sodium bicarbonate solution was inhibited. However, the corrosion potential of aluminum in the 10×10 -3 and 5×10 -3 mol L -1 sodium bicarbonate solutions was lower than that in deionized water, indicating that aluminum was more susceptible to corrosion in more concentrated sodium bicarbonate solutions.
Figure 1.
The polarization curves of aluminum in the sodium bicarbonate solutions at 50 °C.
The data for the corrosion potential and the corrosion current density of the aluminum electrodes in the electrolytes are shown in Table 1 . The corrosion current of aluminum in the 1×10 -3 , 0.5×10 -3 , and 0.1×10 -3 mol L -1 sodium bicarbonate solutions was lower than that in deionized water, but the corrosion current of aluminum in the 10×10 -3 and 5×10 -3 mol L -1 sodium bicarbonate solutions was higher than that in deionized water. The corrosion rate of aluminum in certain concentrations of sodium bicarbonate solutions was lower than that in deionized water. The lowest corrosion current density and the most positive corrosion potential of aluminum were measured in the 1×10 -3 mol L -1 sodium bicarbonate solution, indicating that the corrosion rate of aluminum in this solution was the lowest observed. Therefore, it can be concluded that the corrosion behavior of aluminum in sodium bicarbonate solutions at certain concentrations is inhibited.
EIS curves
According to the analysis of the surface state of the aluminum electrode, contributions from charge transfer impedance due to oxidation of aluminum, diffusion impedance of ions in the electrolyte, impedance of the electric double layer capacitor, and impedance of the cladding layer should be observed with EIS. The EIS curves of the aluminum electrode in different concentrations of sodium bicarbonate solution are shown in Fig. 2a . The Nyquist diagram of aluminum corrosion in different concentrations of sodium bicarbonate solution indicates similar plots, each consisting of a semicircle and a straight line. The physical meaning of the semicircular diameter in the high frequency region is the charge transfer impedance (Rct) during the corrosion process, which reflects the corrosion resistance of the aluminum in the solution. The equivalent circuit diagram of the electrochemical impedance spectrum is shown in Fig. 2c . R1 represents the solution resistance between the aluminum electrode and the reference electrode, R2 represents the impedance of the electrolyte through the deposition layer, R3 represents the charge transfer impedance for oxidation of aluminum, C1 represents the capacitance of the cladding layer, C2 represents the capacitance of the double layer, and W represents the diffusion impedance of ions in the electrolyte [19, 20] . The fitted curves are well matched to the experimental data, which indicates the equivalent circuit diagram is representative of the corrosion reaction of aluminum in the sodium bicarbonate electrolytes.
The data for the corresponding numerical simulation of the equivalent circuit are shown in Table  2 . The charge transfer resistance of aluminum in the 10×10 -3 and 5×10 -3 mol L -1 sodium bicarbonate solutions was lower than that in deionized water, while the charge transfer impedance of aluminum in the 1×10 -3 , 0.5×10 -3 , and 0.1×10 -3 mol L -1 sodium bicarbonate solutions was higher than that in deionized water. It was indicated that the corrosion behavior of aluminum in sodium bicarbonate solutions only was inhibited at certain concentrations. The maximum charge transfer impedance was observed in the 1×10 -3 mol L -1 sodium bicarbonate solution, indicating that the corrosion rate of aluminum in the 1×10 -3 mol L -1 sodium bicarbonate solution was the lowest observed. This result is consistent with the polarization curves shown in Fig. 1 . 
SEM and EDS
The surface morphologies of the aluminum electrode after corrosion in sodium bicarbonate solution with different concentrations at 50 °C are shown in Fig. 3. Fig 3a shows the presence of significant corrosion on the aluminum electrode surface in deionized water, with gullies, pores and corrosion products observed. Fig. 3e and 3f show that the corrosion of aluminum in the 10×10 -3 and 5×10 -3 mol L -1 sodium bicarbonate solutions was more substantial and had a rougher surface than that in deionized water. Aluminum was more susceptible to corrosion in more high concentration sodium bicarbonate solutions. However, the corrosion of aluminum in the 1×10 -3 , 0.5×10 -3 , and 0.1×10 -3 mol L -1 sodium bicarbonate solutions was mild. The aluminum surface was smooth, with almost no gullies or pores. It was indicated that the corrosion of aluminum in these concentrations of sodium bicarbonate solution was inhibited. It was clearly observed that the aluminum surface was smoothest for the 1×10 The SEM and EDS of the corrosion products of the aluminum electrode in deionized water and the 1×10 -3 mol L -1 sodium bicarbonate solution at 50 °C are shown in Fig. 4 . Fig 4a and 4e show that the corrosion of aluminum in deionized water was more severe and there were more pores. According to the EDS elemental diagram for Al and O, the distribution of these elements with respect to the corrosion products in deionized water and the 1×10 -3 mol L -1 sodium bicarbonate solution was similar. Aluminum was uniformly distributed on the electrode surface, while oxygen was mainly concentrated in the corrosion products.
The elemental contents of the corrosion products for the aluminum electrode in deionized water and the 1×10 -3 mol L -1 sodium bicarbonate solution are shown in Table 4 . It was found that the elemental composition of the corrosion products were mainly aluminum and oxygen, and there was almost no carbon. The corrosion products of the aluminum electrode in deionized water and sodium bicarbonate solution should be consistent. The corrosion products for the aluminum electrode in the sodium bicarbonate solution did not include either aluminum carbonate or aluminum hydrogen carbonate. Table 3 . The elemental contents from the EDS analysis in Figure 4 . Figure 5 . XRD spectra of corrosion products on the aluminum surface in sodium bicarbonate solutions at 50 °C.
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The XRD spectra of the corrosion products of the aluminum electrodes in sodium bicarbonate solutions with different concentrations at 50 °C are shown in Fig. 5 . For all the samples, four strong peaks are observed at 39°, 45°, 65°, and 78°, these peaks match well to Al (PDF#040-708). Two strong peaks at 25° and 63° also corresponded well to Al(OH)3 (PDF#26-0025) and Al2O3 (PDF#33-0018), respectively. This indicates that the corrosion products of aluminum electrodes, in the sodium bicarbonate solutions and the deionized water, contained Al(OH)3 and Al2O3. This is consistent with the corrosion products of aluminum in a moist environment [21, 22] . The peaks at 25° and 63°, for the corrosion products Al(OH)3 and Al2O3, were strong for the 10×10 -3 and 5×10 -3 mol L -1 sodium bicarbonate solutions, while the same peaks were either weak or not discernible for the 1×10 -3 , 0.5×10 -3 , and 0.1×10 -3 mol L -1 sodium bicarbonate solutions. Thus, the corrosion of aluminum at certain low concentrations of sodium bicarbonate solution was inhibited.
Corrosion mechanism
It is speculated that HCO3 -ions play a major role in inhibiting aluminum corrosion in sodium bicarbonate solutions. As such, the origin of the inhibition of aluminum corrosion by HCO3 -ions was subsequently investigated.
The effect of pH
A one-step hydrolysis reaction and a second-order ionization reaction of HCO3 -occur in the sodium bicarbonate solution.
The equilibrium constants of Formulas (1) and (2) Pourboix studied the corrosion conditions of various metals and established a potential-pH diagram [23] . During the process of metal corrosion, the potential is the factor controlling the metal ionization process, and the pH is the factor controlling the stability of the metal oxide film. By applying these two factors, many complex homogeneous and heterogeneous chemical reactions between metals and aqueous solutions, and the equilibrium relationship of the electrochemical reactions under given conditions, can be concisely represented on a plane graph. Such graphs visually show the various compounds that metals can produce under different potentials and pH conditions, and the thermodynamic stability of these products. The potential-pH diagram can be used to infer the possibility of metal corrosion and can also inform corrosion prevention strategies by controlling the potential or by changing the pH of the medium.
There are three zones in the potential-pH diagram of aluminum in water, they are corrosion zone, passivation zone and immunity zone. In the immunity zone, the thermodynamically stable form of aluminum is Al, which corrosion will not occur. In the passivation zone, the thermodynamically stable form of aluminum is Al2O3, which dense oxide films could be formed on the surface of aluminum to inhibit aluminum corrosion. In the corrosion zone, the thermodynamically stable form of aluminum is Al 3+ or AlO2 -, which the oxide film on the aluminum surface will dissolve such that it cannot protect the aluminum from further corrosion. It is well known that in the range of pH=4~8, aluminum is in the passivation zone [24, 25] only the substances in the solution can affect the aluminum corrosion. As the concentration of the sodium bicarbonate solutions gradually increased to 1×10 -3 mol L -1 , the corrosion resistance of aluminum gradually increased. It was the result that HCO3 -played a major role in inhibiting aluminum corrosion in sodium bicarbonate solutions.
The effect of HCO3 -
The processes involved in aluminum corrosion phenomena are as follows: damage of oxide/passive film (hydroxylation process) [26, 27] , anodic metallic dissolution, and proton reduction [28] . Oxide films are often chemically unstable in aqueous media and dissolve gradually through interaction with water molecules, corresponding to the so-called hydroxylation process. Some specific anions (e.g., Cl
- [29, 30] ) at the interface region can facilitate the hydroxylation process at high-energy surface-active sites. However, the HCO3 -anion is relatively large, is adsorbed at a long distance and brings fewer water molecules onto the surface-active sites. Therefore, HCO3 -ions inhibit aluminum corrosion by suppressing the dissolution of the oxide film on the aluminum surface. Aluminum corrosion in sodium bicarbonate solutions is a process of dissolution-precipitation. At the beginning of corrosion, aluminum dissolves and exists in the form of Al 3+ , aggregating and accumulating on the electrode surface to form a Helmholtz layer. Al 3+ and OH -will initially migrate towards each other under the effect of electrostatic attraction, and then react to form insoluble Al(OH)3 deposits. As the deposition process increases, a protective oxide film is formed. As the corrosion process progresses, the aluminum will continue to dissolve into solution to form Al(OH)3. To suppress the corrosion of aluminum, it is necessary to suppress the deposition of aluminum on the surface. In sodium bicarbonate electrolytes, HCO3 -was adsorbed on the aluminum surface, eliminating the electric field on the original Al surface. The layer of bicarbonate HCO3 -became electrostatically repulsive in the sense of charge reversal in the oxide film layer for OH -, this serves to suppress the deposition of aluminum on the surface. HCO3
-continuously collected on the surface of the electrode to form a shielding layer, which inhibited the diffusion of aluminum ions into the solution. The Al 3+ of the Helmholtz layer and aluminum electrodes reached an equilibrium point between dissolution and precipitation. Because the continuous dissolution of aluminum was suppressed, aluminum corrosion was also suppressed.
CONCLUSIONS
The corrosion behavior of aluminum in neutral sodium bicarbonate solutions was presented. It was found that aluminum exhibited passivation in low concentrations of sodium bicarbonate solution compared to deionized water, in which corrosion of aluminum was inhibited. In addition, aluminum in a 1×10
-3 mol L -1 , pH=7.77, sodium bicarbonate solution had the lowest corrosion rate, the most positive corrosion potential, and the maximum charge transfer impedance. It was confirmed that HCO3 -ions played a major role in inhibiting aluminum corrosion in sodium bicarbonate solutions. HCO3 -inhibited aluminum corrosion by inhibiting the dissolution of the oxide film on the aluminum surface and by the electrostatic repulsion of OH-in solution. This report focused on investigating the primary reason for the corrosion inhibition of aluminum in carbon dioxide-containing solutions. It was determined that HCO3 -in solution was the key to inhibiting aluminum corrosion and its mechanisms. This paper will provide guidance for the future application of aluminum in HCDC systems.
